Abstract. The lipid and hydrocarbon composition of two species of Antarctic copepod, Rhincalanus gigas and Calanus simillimus, was investigated at two contrasting sites. Differences in the quantity of total lipid between sites were pronounced for R.gigas; females from a station near South Georgia where a bloom was in progress contained -8 times as much as those sampled in post-bloom waters in the Polar Frontal Zone (PFZ) some 450 km further north. In contrast, differences between sites for Csimillimus were less pronounced. The main lipid class for Rgigas was wax ester and for Csimillimus triacylglycerol.This fundamental difference is thought to reflect varying rife-history patterns suggesting that Csimillimus may not undergo periods of pronounced food shortage. Pristane, a metabohte of phytol derived through the degradation of chlorophyll, was present in both species at both sites, indicating recent feeding activity, but the lack of the polyene diatom marker Q,^ in Csimillimus at the PFZ station suggested that it was largely feeding on other microplankton. Fatty acid analysis of Csimillimus offered further evidence that this species was omnivorous and that R-gigas was predominantly herbivorous. 16:0 and 16:1 generally accounted for slightly >50% of total fatty acids in both species; however, 16:0 was proportionately more abundant in Csimillimus and 16:1 in R.gigas. The 16:1/16:0 ratio is usually >1 in diatoms, suggesting that the diet of Csimillimus contained items of prey other than diatoms, a fact confirmed in grazing experiments.
Introduction
In contrast to the Arctic, detailed knowledge of the lipid biochemistry of marine Antarctic copepods is relatively recent. Andrews (1966) , in an earlier study, assessed the amount of oil in the biomass-dominant Calanoides acutus in a semiquantitative way, but euphausiids were the first taxonomic group to receive detailed attention (Littlepage, 1964; Bottino, 1974 Bottino, , 1975 Clarke, 1980) . More recently, a range of taxa have been investigated (Qarke, 1983; Hagen, 1988) , revealing much about lipid storage patterns, and, through the analysis of fatty acids and alcohols, more about trophic structure within the Antarctic food web (Reinhardt and van Vleet, 1986; Graeve et al., 1994; Kattner and Hagen, 1995) .
The Antarctic marine copepod species that have been analysed to date have in the main been shown to be similar to their Arctic counterparts in that they store predominantly wax ester (WE) (Hagen, 1988; Kattner et al., 1994) . However, a radical departure from this pattern was demonstrated by Hagen et al. (1993) for Calanus propinquus, a high Antarctic species, that was shown to store substantial amounts of triacylglycerol (TAG) . In contrast to WE, which is usually associated with pronounced seasonality in food supply, TAG is considered to be a short-term lipid store (Hakonson, 1984; Sargent and Henderson, 1986) and is generally stored by animals that do not experience a prolonged shortage of food. An unusual biosynthetic pathway was also proposed for this species, i.e. the elongation of the 20:l(n-9) to the 22:l(n-9) fatty acid, thus increasing its calorific value and hence its energetic advantage (Hagen et al., 1993) .
Despite having wide geographic ranges, the majority of the copepods analysed in detail have been taken from the seasonally ice-covered waters of the Weddell Sea, although ice-free waters further north often contain similar species assemblages. In this study, we have compared the lipid biochemistry of two co-occurring species of copepod, Rhincalanus gigas and Calanus simillimus (a congener of C.propinquus), both especially abundant in more northerly waters on either side of the Polar Front (Ward et al., 1996) . Rhincalanus gigas occurs as far south as the Weddell Sea, although in greatly reduced abundance, whereas the Weddell Scotia Confluence appears to mark the southern limits of distribution of C.simillimus. Both species are present in sub-Antarctic waters north of the Polar Front.
Samples were taken for lipid class and hydrocarbon analysis during midsummer from two stations, one near Willis Islands, South Georgia, where a bloom comprising mainly large colonial diatoms was occurring and the other located 450 km further north at the Polar Front experiencing post-bloom conditions. The main questions addressed were, first, whether lipid storage patterns in R.gigas differed in the more central part of its range from previously published data from the Weddell Sea; second, to provide comparative and baseline data for C.simillimus; third, to investigate hydrocarbon content and fatty acid composition to assess the extent to which inferences about copepod diet could be made.
Method
Zooplankton were sampled from a shelf/shelf break station close to the Willis Islands (South Georgia: 54°S, 37.5°W) during early January 1994 and again ~3 weeks later from a station 450 km further north in the Polar Frontal Zone (PFZ; 49.80°S, 37.50°W) (Figure 1 ). Samples were taken using a 0.75 m diameter ring net equipped either with a 200 or 500 um mesh net and a 5 1 solid cod-end, deployed to 200 m and slowly hauled to the surface at -0.15 m s" 1 . Aliquots of some of the catches were filtered onto squares of 200 um mesh and immediately frozen at -60°C. Batches of 300-600 eggs produced by wild females during 24 h egg production experiments were washed in filtered seawater and pipetted into a glass vial and also deep frozen. Analysis of these samples was performed in the UK some 10 months after collection. They were carefully thawed out in seawater at an ambient temperature of +2°C and quickly sorted into replicate batches of species stages. Recent work by Ohman (19%) has indicated that quick freezing and storage of animals at low temperatures of the order of -70°C minimizes any changes in lipid composition.
The total lipid fraction was extracted from batches of 30-100 individuals using established procedures according to Folch et al. (1957) and Christie (1982) . Where possible, stages CFV-CVI of both species were separated, although insufficient CIV C.simillimus were available at the Willis Islands station. Samples were homogenized in chloroform/methanol (2:1 v:v) and the resulting chloroform lipid extract dried to constant weight under a stream of nitrogen. Samples were then redissolved in chloroform/methanol and applied to an HPTLC plate so as to give a loading of =15 ug lipid per analysis. Plates were developed in methyl acetate:isopropanol:chloroform:methanol:0.255 potassium chloride (25:25:25:10:9 by volume) to separate the polar lipids, followed by hexane:diethyl ethenacetic acid (80:20:2 by volume) to resolve the non-polar lipid classes (Olsen and Henderson, 1989) . The lipid classes were identified against a suite of WE-rich and TAG-rich lipid standards which were prepared according to Hagen (1988) . The resolved lipid classes were quantified using a Shimadzu CS-930 dual-wavelength TLC scanner. Aliphatic hydrocarbons were isolated from the total lipid fraction by liquid chromatography on 5% deactivated silica (Cripps, 1989) , and analysed by GC on a Supelco SE-54 30 m capillary column and by GC-MS. Fatty acid determinations were carried out on samples of CV and female R.gigas taken in hauls made in the vicinity of the Willis Islands, and on the same stages of Csimillimus taken further north in the PFZ. They were analysed as methyl ester derivatives prepared by refluxing the lipid extract in methanolic hydrochloric acid (Christie, 1982) . The methyl esters were extracted into hexane and purified by liquid chromatography on the silica column as above. After any hydrocarbons present in the extract had been removed with hexane, the fatty acid methyl esters were eluted with pentane:dichloromethane 2:1 (Cripps and G.A.Tarling, unpublished work) . The esters were then analysed by GC on an HP Innowax® 30 m capillary column against a suite of standard compounds, e.g. methyl esters from cod liver oil (Sigma Chemical Co.), and their timing and order of elution determined (see Evershed, 1992) .
Dry mass was determined by drying batches of species/stages to constant mass at 60°C. At the Willis Island station, there was insufficient frozen material for dry mass determinations of Csimillimus stages. Dry mass was therefore estimated by comparing formalin-preserved dry mass determinations from the PFZ station with those made on fresh frozen material. The proportional difference between the two was then applied to the formalin-preserved estimate from the Willis Island station and a freshyfrozen dry mass derived.
Results

Dry mass and lipid content
The dry mass and lipid class composition of both species are given in Tables I and  II. Rhincalanus gigas. The dry mass and lipid content of this species varied greatly between stations. Dry mass of stages CIV-CVI9 at the Willis Islands station was 2-3 times higher than that found at the PFZ station 3 weeks later. This difference was not entirely due to the higher lipid content found at the Willis Islands station as the lipid-free dry mass also differed by a considerable amount. Females from Willis Islands contained ~7 times more lipid than their counterparts at the PFZ station, and CVs twice as much. CVs from the PFZ station contained more lipid than females from that station, in contrast to Willis Islands station, where females contained 2.5 times more than CVs. Wax ester was the dominant lipid class for all stages at both stations. Triacylglycerols comprised up to 15% of total lipid at the Willis Islands station in stages CV and CVI9, but amounts were greatly reduced at the PFZ. Polar lipids comprised up to 22% of total lipid at both stations.
Calanus simillimus. Table II shows that there was little difference in dry mass between comparable adult female stages, although CVs from the PFZ station were heavier. There was relatively little difference between stations in lipid-free dry mass. However, lipid content did vary between stations with animals from the PFZ station containing up to 170% as much lipid. Ripe females contained less lipid than those with rudimentary ovaries, confirming our visual observations that the latter group had a relatively large lipid sac. The small amounts of lipid observed in CIVs indicates that in common with R.gigas and many other species, substantial lipid storage is undertaken only by older stages.
In contrast to R.gigas, TAG was the principal lipid class for this species in all stages, except CIVs, where polar lipids accounted for 48% and TAG for 20% of total lipid. 12.4 ± 4-5 2.4 ± 0.8 34.3 ± 9.4 7.6 ± 4.5 7.3 ± 10.1 18.6 ±18.1 _ 5.0 ±1.8 -8.8 ± 9.3 -3.6 ± 6.2 MAG, monoacylglycerols; ME, methyl esters. Other abbreviations are given in the text.
Eggs
The dominant lipids in eggs for R.gigas were polar lipids (32%) and TAG (27%) with sterols (23%) and free fatty acids (FFA) (16%) ( Table III) . Wax ester was a minor component at 2%.
Calanus simillimus was similar in that polar lipids (36%) and TAG (26%) were the main constituents. Wax ester (6%) was again a minor component.
Hydrocarbons
The aliphatic hydrocarbon fraotion for both species comprised a suite of nalkanes, mainly the C22-C34 compounds with the C29 compound predominant. Also present were the isoprenoid alkane pristane and the diatom marker alkene, n-heneicosahexaene (Qi*) (Nichols et al., 1988) in proportions which together comprised >90% of the aliphatic fraction in many cases. The variation in amounts of hydrocarbons with age was investigated in both species from material obtained in February from stations with low concentrations of phytoplankton.
Rhincalanus gigas. At Willis Islands station, R.gigas contained a high proportion of the n-Q^ alkene diatom marker, up to 94% of the total aliphatic fraction. Pristane, an indicator of recent feeding, was relatively low in stages CV and CVI 9, but substantially higher in CTVs (24%) (Figure 2) . Pristane was absent from CIVs at the PFZ station and at slightly lower levels than Willis Islands in CVs and CVI 9 s.The diatom marker appeared to accumulate in R.gigas with age, comprising 90% of the aliphatic fraction in adults (Figure 3 ). Pristane showed no trend with age and was only present in low levels (<1%) in stages CI-CIII. Pristane and n-Q^ were absent from R.gigas eggs, but there was a high proportion of the ubiquitous biogenic hydrocarbon squalene (50%). Calanus simillimus. At Willis Islands, there was a strong signal from pristane in CV and ripe CVI 9 s, although the diatom marker n-Qj^ was only present in the CVI $ s (Figure 2 ). High levels of pristane were also found at the PFZ, but lower levels of the diatom alkene, n-C 2 i : 6 (maximum, 8%), compared to R.gigas. There were also higher levels of the diatom marker in mature stages of Csimillimus, but not as predominant as in R.gigas (Figure 3) . Squalene was also present in generally high proportions, but did not show any particular relationship with age in Csimillimus. Squalene was also the predominant hydrocarbon in the eggs of Csimillimus (45%).
Fatty add composition
Rhincalanus gigas. In this species, short-and medium-chain monounsaturates and saturates dominated, and long-chain polyunsaturated moieties (PUFA) accounted for around 20% of total fatty acids (Table IV) . In descending order of importance, 16:1,18:1,20:5 and 16:2 between them comprised -75% of total fatty acids in CVs and adult females.
Calanus simillimus. In this species, saturates and monounsaturates dominated with long-chain polyunsaturates again comprising around 20% of the total. 16:0 and 16:l(n-7) typically comprised 40 to >50% of the total, although in contrast to R.gigas 16:0 was the dominant class. 14:0 comprised -10 and 13% in females and CVs, respectively. 16:2 (n-6) 16:4 (n-3) 18:0 18:1 (n-9) 18:2 (n-6) 18:4 (n-3) 20:1 (n-9) 20:5 (n-3) 22:1 (n-11) 22:6 (n-3) 
P.Ward, RS. Shreeve and G-CCripps
Egg fatty acids
The fatty acid composition of the eggs of R.gigas indicated that 16:0,16:1 and 18:1 moieties accounted for >75% of total fatty acids (Table III) . The relative importance of 16:1 over 16:0 for the later copepodite stages (Table IV) was not reflected in the eggs where 16:0 was dominant. For Csimillimus eggs, 16:0,16:4,14:0 and 20:1 were the main components, the proportions of which, particularly the polyunsaturated 16 carbon chain acids, were not representative of maternal composition.
Discussion
Dry mass and lipid content
Data presented here, particularly for R.gigas, illustrate the great variability in dry mass and lipid content that can occur within a species over relatively short spatial and temporal scales, particularly at this time of year. An analysis of the mesoscale distribution of these two species encompassing both stations indicated that during January high standing stocks of microplankton (up to 20 mg m~3 chlorophyll a and phaeopigment) were present at a series of stations south of the PF along a transect running from Maurice Ewing Bank (50°S, 42°W) towards the Willis Islands station at South Georgia (Ward et al., 1996) . At these stations, the volume of stored lipid in R.gigas was positively related to the amount of total phytopigment, as was ovarian maturity. In early February, microplankton levels had fallen along much of the transect and were low at the PFZ station (<1 mg m~3). Lipid volumes at this time were generally lower, variable and unrelated to phytopigment levels (Ward et al., 19%) . Studies in the Weddell Sea have indicated that lipid levels for a number of dominant copepod species increased during January/February in response to the spring bloom (Hagen, 1988) . However, during March/April, great heterogeneity in lipid levels was observed, particularly among CVs (Pasternak et al., 1994) . This was attributed to a mixture of stages that had either stored lipid during the bloom or had moulted subsequent to the bloom and had a limited opportunity to accumulate lipid, a situation that would appear to be echoed by our data. The mean lipid and body dry masses of R.gigas developmental stages recorded at the Willis Islands station were extremely high for this species, although data from the PFZ fall within the range recorded by Hagen (1988) from Drake Passage and the Weddell Sea. Lipid content as a percentage of dry weight was generally within the range quoted by other studies Kattner etal., 1994) . Differences in lipid-free dry mass of the respective stages between stations clearly signal differences in other body components such as carbohydrates and proteins. These data may point to variation in recent moulting or feeding histories and also reflect differences in food availability between stations.
Variation in dry mass and lipid content between stations was less pronounced for Csimillimus. Our estimates indicate somewhat greater dry mass for all stages at the PFZ station and this was borne out by the amounts of total lipid, which ranged from broadly the same to £170% more than amounts found at the Willis Islands station. At both stations, lipid as a proportion of body dry mass was greatest for CVs (31-39%) and least for ripe females (10-11%) which had noticeably smaller lipid sacs than immature females, which had yet to develop a functional ovary. A similar situation was observed for Calanus helgolandicus by Garten et al. (1980) , implying that lipid was being used up in developing a functional ovary and that consequently metabolic costs may be higher than for immature females. However, the consistently higher lipid content of CVs relative to immature females (-50%) observed for C.helgolandicus by Gatten et al. (1980) was not observed here except for R.gigas at the PFZ station, inferring that whatever the costs of attaining adulthood and becoming sexually mature, they are not reflected in lipid content immediately post-moult.
Hydrocarbons
The hydrocarbon composition also suggested different feeding strategies for R.gigas and Csimillimus between the Willis Islands and PFZ stations. Pristane, which is found widely thoughout marine zooplankton and nekton, including Antarctic species, is considered to be a metabolite of phytol (toxic to zooplankton) derived through the degradation of chlorophyll (Nevenzel, 1989) . Blumer et al. (1964) reviewed its presence in zooplankton, finding calanoid copepods belonging to the Calanidae to be a rich source (up to 3% of total lipid extracted). However, in relative terms, other copepod families, including the Eucalanidae to which the genus Rhincalanus belongs, had significantly less. This difference appears to be reflected in our data and makes comparisons between species difficult. Pristane levels at both stations show feeding by Csimillimus, but the low levels of the C^ polyene diatom marker at the PFZ station suggest that diatoms were not as significant in their diet as at Willis Islands station. Here the highest levels of the diatom marker were found in adults, but were ~9 times lower than in R.gigas. Although R.gigas from the PFZ station contained the diatom marker, the lower pristane content at this station showed little evidence of recent feeding, a fact which appears to be in agreement with the animal's relatively low lipid content. The C 2 \$ alkene appears to be accumulated with age compared to pristane, which was either not assimilated and thus lost, or assimilated but metabolized. The accumulation and dynamics of both hydrocarbon compounds within species clearly need to be assessed, but their absence from eggs suggests that these compounds are exclusively acquired through the diet and have no particular association with biological processes such as growth and reproduction. As such, these compounds were useful indicators of feeding strategies.
Lipid class and fatty acid composition
A clear difference between species was that whilst the main lipid class in R.gigas was WE (-60-70% of total lipid for CVs and females at both stations), for C.simillimusit was TAG (-60-85% total lipid at the PFZ station and 45-55% at the Willis Islands station).This unusual storage pattern for polar copepods has thus far only been reported for the congeneric C.propinquus which has a high Antarctic distribution (Hagen et al., 1993) . Whilst WE is usually the dominant lipid component associated with animals that experience distinct seasonality in their food supply and often diapause during winter (Lee and Hirota, 1973; Sargent and Henderson, 1986) , TAG is usually seen as a short-term lipid store, being mobilized first during periods of food shortage (see Hakonson, 1984) . TAG is uncommon as a principal storage product in the high-latitude polar marine environment, being more usually seen where animals feed more or less continuously.
There were some interesting differences in fatty acid composition between species. In R.gigas, the dominance of short-and medium-length carbon chains has been observed before in samples taken from the Weddell Sea during January and February Kattner et al., 1994; Fahl, 1995) . The fatty acid composition of C.simillimus was similar to that of R.gigas in that 16:0 and 16:1 accounted in some stages for -40% of total fatty acids. However, the relative proportions of the two moieties were reversed, 16:0 being more abundant in C.simillimus and 16:1 in R.gigas. Other differences were higher proportions of 14:0 and the polyunsaturate 22:6.
The nature of lipid stored by zooplankton and its component fatty acids and alcohols is increasingly being used to make inferences about an animal's trophic relationships (Falk-Petersen et al., 1982 Virtue et al., 1993; Graeve et al, 1994) . In the Antarctic, Graeve et al. (1994) assessed the trophic niche of three major species of copepod and on this basis concluded that fatty acid signatures of Calanoides acutus were indicative of a largely herbivorous species, whereas Metridia gerlachei was an omnivore and R.gigas fell somewhere between the two. In our study, levels of (n-3)PUFA in R.gigas were comparable to levels found in other studies Kattner et al., 1994) , but were relatively low in Qsimillimus. These fatty acids can only be synthesized de novo by phytoplanktonic organisms and their incorporation virtually unmodified into the lipid store relects a herbivorous diet (Sargent and Henderson, 1986 ). Although we have no data on fatty acid composition relating to the microplankton from these stations, a study by Pond et al. (1993) indicated the high nutritional quality of microplankton and the general availability of (n-3)PUFA, particularly in the polar lipid fraction, during a study around South Georgia and the Antarctic Peninsula. The fatty acid composition of microplankton can, however, alter during the course of a bloom as species and physiology change. During the early-mid-bloom, it can constitute up to 40-50% (n-3)PUFA and the total lipid of herbivorous zooplankton can have a fatty acid composition that closely reflects that of phytoplanktonic lipid (Sargent et al., 1987) . However Kattner et al. (1983) and Morris (1984) have also recorded diatom-dominated blooms where total lipid was relatively deficient in (n-3)PUFA. Our R.gigas material for fatty acid analysis was drawn from samples taken near South Georgia where a bloom was in progress, whereas Csimillimus was taken from near the Polar Front where post-bloom conditions were characterized by much lower amounts of microplankton and in terms of carbon dominance of dinoflagellates. It is possible, therefore, that differences in diet may have been influential.
A study of lipid composition in relation to diet for Euphausia superba (Virtue et al., 1993) indicated that the 16:1/16:0 ratio was higher in krill that had been fed a diatom-only diet compared to those fed either on Phaeocystis alone or a mixture of Phaeocystis and diatom. This ratio is usually >1 in diatoms (Virtue et al., 1993) and in our study it was consistently higher in R.gigas (1.19-4.17) than C.simillimus (0.04-0.27). This raises the possibility that the diet of Csimillimus contains items of prey other than diatoms. Grazing experiments carried out at the PFZ station by Atkinson (1995) indicated that C.simillimus females would have been unable to cover their daily carbon requirement by eating diatoms alone and that intake of microheterotrophs was considerable (see also Atkinson, 1994,19%; Atkinson et al, 1992) . Similar 16:1/16:0 ratios to those reported in this study can be found in the literature for Cpropinquus (Kattner et al., 1994) , M.gerlachei and Metridia longa (Falk-Petersen etai, 1987) , all of which have been shown to be omnivorous.
The overall pattern of lipid storage in C.simillimus parallels that of Cpropinquus to a considerable extent. The presence of TAG as the major lipid store in these two species suggests that neither undergoes prolonged periods of food shortage. Calanus propinquus can be active in surface waters during winter (Ndthig et al., 1991) , and feed on metazoans and ice-associated organisms (Hopkins et al., 1993) . What knowledge we have of C.simillimus suggests certain similarities in lifestyle. A bimodality in vertical distribution during winter has been observed (Vladimirskaya, 1978; Voronina, 1978; Atkinson, 1991) with a proportion of the population (older copepodite stages and adults) remaining in surface waters year round supporting this. The fatty acid composition, particularly the 16:1/16:0 ratio, suggests that microheterotrophs may be important in its diet. This has been confirmed for the PFZ station by Atkinson (1996) who found that ciliates and dinoflagellates were cleared faster than centric diatoms of similar overall dimensions. He suggested that this preferential predation was a response to phytoplankton shortage. In contrast, at the Willis Islands station, the presence of the diatom marker suggested that phytoplankton were being consumed in greater quantities Grazing studies in the Bellingshausen Sea (Atkinson, 1995) and around South Georgia (Atkinson, 1994) have indicated an absence of predatory behaviour in R.gigas with no evidence for higher clearance rates on motile taxa. Analysis of egg lipid indicated broad similarities for both species in the proportions of lipid classes present. However, fatty acid composition differed somewhat, mainly in the greater proportion of shorter carbon chain compounds in C.simillimus.The 16:1/16:0 ratio was <1 in both species, in contrast to the maternal ratio. The total amount of lipid found in eggs averaged 80 and 113 ng egg" 1 for C.simillimus and R.gigas, respectively. Egg production studies carried out during our occupation of the stations are summarized in Table V . These indicated that at the Willis Islands station 80% of female R.gigas were mature or ripe and 60-70% of females that were incubated individually produced eggs. The maximum clutch size recorded (78 eggs) would account for ~9 ug of lipid (2.76% of total lipid content). In contrast, at the PFZ station, the majority of females were immature (68%) and none were ripe. Calanus simillimus females at the PFZ station were either immature (39%) or ripe (42%) with 40-50% of the population spawning each day.The maximum clutch size, 28 eggs, accounted for a little over 2 ug (2.63% of total lipid content of immature females and 7% of ripe females). At the Willis Islands station, 94% of formalin-preserved females were either mature or ripe, but insufficient were found in the dense bloom samples with which to conduct experiments. Despite the low amounts of lipid in eggs relative to the maternal store, the metabolic costs of egg production may be higher than this, as evidenced by the lower lipid content of ripe C.simillimus females (Table I) , although eggs may have been shed before capture. Given the fatty acid composition of the eggs, however, it seems unlikely that the low levels of (n-3)PUFA in Csimillimus females are the result of egg production. A somewhat different picture emerged for R.gigas where, although females were not categorized as ripe or otherwise, data on lipid volume (P. Ward, unpublished) indicated that immature females had as much lipid as mature and ripe females.
